Two methods were used to compare the biodegradation of six polychlorinated biphenyl (PCB) congeners by 12 white rot fungi. Four fungi were found to be more active than Phanerochaete chrysosporium ATCC 24725. Biodegradation of the following congeners was monitored by gas chromatography: 2,3-dichlorobiphenyl, 4,4-dichlorobiphenyl, 2,4,5-trichlorobiphenyl (2,4,5-TCB), 2,2,4,4-tetrachlorobiphenyl, 2,2,5,5-tetrachlorobiphenyl, and 2,2,4,4,5,5-hexachlorobiphenyl. The congener tested for mineralization was 2,4,5-[U-
Polychlorinated biphenyls (PCBs) are produced by chlorination of biphenyl, resulting in up to 209 different congeners. Commercial mixtures range from light oily fluids to waxes, and their physical properties make them useful as heat transfer fluids, hydraulic fluids, solvent extenders, plasticizers, flame retardants, organic diluents, and dielectric fluids (1, 21) . Approximately 24 million lb are in the North American environment (19) . The stability and hydrophobic nature of these compounds make them a persistent environmental hazard.
To date, bacterial transformations have been the main focus of PCB degradation research. Aerobic bacteria use a biphenylinduced dioxygenase enzyme system to attack less-chlorinated congeners (mono-to hexachlorobiphenyls) (1, 5, 7, 8, 22) . Although more-chlorinated congeners are recalcitrant to aerobic bacterial degradation, microorganisms in anaerobic river sediments reductively dechlorinate these compounds, mainly removing the meta and para chlorines (1, 6, 10, 33, 34) .
The degradation of PCBs by white rot fungi has been known since 1985 (11, 18) . Many fungi have been tested for their ability to degrade PCBs, including the white rot fungi Coriolus versicolor (18) , Coriolopsis polysona (41) , Funalia gallica (18) , Hirneola nigricans (35) , Lentinus edodes (35) , Phanerochaete chrysosporium (3, 11, 14, 17, 18, 35, 39, (41) (42) (43) , Phlebia brevispora (18) , Pleurotus ostreatus (35, 43) , Poria cinerescens (18) , Px strain (possibly Lentinus tigrinus) (35) , and Trametes versicolor (41, 43) . There have also been studies of PCB metabolism by ectomycorrhizal fungi (17) and other fungi such as Aspergillus flavus (32) , Aspergillus niger (15) , Aureobasidium pullulans (18) , Candida boidinii (35) , Candida lipolytica (35) , Cunninghamella elegans (16) , and Saccharomyces cerevisiae (18, 38) . The mechanism of PCB biodegradation has not been definitively determined for any fungi. White rot fungi produce several nonspecific extracellular enzymes which have been the subject of extensive research. These nonspecific peroxidases are normally involved in lignin degradation but can oxidize a wide range of aromatic compounds including polycyclic aromatic hydrocarbons (37) . Two peroxidases, lignin peroxidase (LiP) and Mn peroxidase (MnP), are secreted into the environment of the fungus under conditions of nitrogen limitation in P. chrysosporium (23, 25, 27, 29) but are not stress related in fungi such as Bjerkandera adusta or T. versicolor (12, 30) .
Two approaches have been used to determine the biodegradability of PCBs by fungi: (i) loss of the parent congener analyzed by gas chromatography (GC) (17, 32, 35, 42, 43) and (ii) mineralization experiments in which the 14 C of the universally labeled 14 C parent congener is recovered as 14 CO 2 (11, 14, 18, 39, 41) . In the first method, the loss of a peak on a chromatogram makes it difficult to decide whether the PCB is being partly degraded, mineralized, adsorbed to the fungal biomass, or bound to glassware, soil particles, or wood chips. Even when experiments with killed-cell and abiotic controls are performed, the extraction efficiency and standard error can make data difficult to interpret. For example, recoveries can range anywhere from 40 to 100% depending on the congener used and the fungus being investigated (17) . On the other hand, recovery of significant amounts of 14 CO 2 from the cultures incubated with a 14 C substrate provides definitive proof of fungal metabolism. There appears to be only one report relating data from these two techniques (18) , and in that study, [U-14 C]Aroclor 1254, rather than an individual congener, was used.
In this study, we examined the ability of 12 white rot fungal strains to metabolize selected PCB congeners to determine which strains were the most active degraders. Included in this group was P. chrysosporium ATCC 24725, a strain used extensively in PCB studies (3, 14, 18, 35, 39, (41) (42) (43) . Six PCB congeners were selected to give a range of chlorine substitutions and therefore a range of potential biodegradability which was monitored by GC. One of the chosen congeners was 14 C labeled and used in studies to compare the results from a mineralization method with those from the GC method.
resealed with Teflon-lined stoppers and shaken at 190 oscillations/min for 48 h on a horizontal shaker at room temperature. If required, 1 g of anhydrous Na 2 SO 4 was added to break any emulsion that formed. Nine hundred microliters was removed from the hexane phase and diluted with 2.1 ml of pure hexane.
(iii) GC analysis. A Perkin-Elmer 8500 gas chromatograph with an electron capture detector (ECD) was used. The different congeners were separated in a Supelco SPB-1 wide-bore capillary column (15 m by 0.53 mm) with a film thickness of 0.5 m with ultrapure N 2 as the carrier gas. The injection volume was 1 l, delivered by a Perkin-Elmer AS 8300 autosampler into a flash vaporizing injector port at 250°C. The oven remained at 120°C for 25 min followed by an increase of 10°C/min to 210°C, which was held for 9 min. The detector temperature was 300°C. The peaks were integrated on a Perkin-Elmer Nelson 900 series integrator. The loss of a congener attributed to biodegradation was calculated by subtracting its concentration in the acid-killed controls from its concentration in the corresponding live cultures.
Calibration curves were constructed with each of the six congeners and octachloronaphthalene, and these calibrations verified that the concentrations of the congeners in the diluted culture extracts fell within the linear range of the ECD.
2,4,5-[U-
14 C]TCB mineralization assays. Ten milliliters of nitrogen-deficient medium was added to 158-ml serum bottles, sealed with Teflon-lined stoppers, and autoclaved. Each serum bottle received 0.6 g (wet weight) of biomass, was flushed with O 2 for 5 min at a flow rate of 100 ml/min, and was incubated for 5 days at 28 or 37°C (depending upon the inoculum) statically and in the dark. Each experiment contained triplicate sterile controls, acid-killed controls, and live cultures. After 5 days, each serum bottle received a mixture of 100 g of unlabeled 2,4Ј,5-TCB and 1 g of 2,4Ј,5-[U-
14 C]TCB in 40 l of acetone. Cultures were returned to the incubator and after 2, 6, 10, 14, 18, 22, and 30 days were flushed with filter-sterilized O 2 to remove 14 CO 2 . To collect 14 CO 2 , the stopper on a serum bottle was pierced with a 38-mm 18-gauge needle to allow 100 ml of O 2 per min to flow through the serum bottles for 10 min. An outlet needle from the serum bottle was connected to a Florisil column described by Dietrich et al. (14) followed by two scintillation vials in series containing 10 ml of aqueous counting scintillant (Amersham Canada Ltd., Oakville, Ontario, Canada) and 1 ml of Carbo-Sorb (Packard Instrumentation Co., Downers Grove, Ill.) to trap the 14 CO 2 . After the serum bottles were flushed, the Teflon-lined stoppers were replaced to prevent the loss of 14 CO 2 through the pierced holes. The efficiency of the 14 CO 2 recovery process was determined to be 90% by adding a known amount of NaH 14 CO 3 to sterile medium and then flushing and trapping the radioactivity.
At the end of each 30-day experiment, the medium in the serum bottles was acidified with 1 ml of 7% (vol/vol) perchloric acid and flushed as described above to determine if any H 14 CO 3 Ϫ remained in the liquid phase. No more than 0.05% of the original radioactivity was recovered as 14 CO 2 , indicating that very little H 14 CO 3 Ϫ remained in the liquid phase. All 14 C counts were determined with a Beckman LS 3801 scintillation counter.
LiP and MnP assays. Nitrogen-deficient medium (10 ml) was added to 158-ml serum bottles, sealed with Teflon-lined stoppers, and autoclaved. Each serum bottle received a 10% (vol/vol) inoculum containing 0.8 g (wet weight) of biomass and was then flushed with O 2 for 5 min at a flow rate of 100 ml/min and incubated at 28 or 37°C (depending upon the inoculum) statically, in the dark for 7 days. Each fungal culture was grown in triplicate. After 7 days of incubation, triplicate cultures were combined and centrifuged at 1,800 ϫ g for 10 min and the peroxidase activities were determined on the supernatant.
LiP activity was determined by the method of Tien and Kirk (40) with veratryl alcohol as the substrate. MnP activity was determined by the method of Kuwahara et al. (29) with phenol red as the substrate. Commercial preparations of partly purified LiP and MnP were purchased from Intech One-Eighty Corp. (North Logan, Utah). Activity measurements of these preparations were consistent with the values provided by the supplier.
RESULTS
GC analysis of fungal PCB biodegradation. The recovery of PCB congeners from fungal cultures can be affected by (i) fungal biodegradation, (ii) binding to fungal biomass, (iii) binding to glassware, and (iv) abiotic losses during extraction and sample preparation. Mean abiotic losses ranged from (3.4 Ϯ 11)% for 2,2Ј,4,4Ј-TeCB to (17 Ϯ 6.7)% for 2,2Ј,4,4Ј,5,5Ј-HCB, which are similar to those reported by others (14, 41) .
For B. adusta, the losses of the six congeners from the sterile controls ranged from 1 to 18% (Fig. 1A) , indicating recoveries of 99 to 82%. Losses of the six congeners from the acid-killed controls were higher, ranging from 3 to 43%. These losses were attributed to congener binding to fungal biomass and abiotic losses. Except for 2,2Ј,4,4Ј,5,5Ј-HCB, the congener losses were significantly greater (P Ͻ 0.05) in the live cultures than in the controls, ranging from 46 to 97%. These differences were attributed to biodegradation.
B. adusta UAMH 7308 degraded all six congeners ( Fig. 2A ): over 60% of 2,3-DCB, 2,4Ј,5-TCB, 2,2Ј,4,4Ј-TeCB, and 2,2Ј, 5,5Ј-TeCB; over 40% of 4,4Ј-DCB; and 20% of 2,2Ј,4,4Ј,5,5Ј-HCB were degraded. Congener degradation by UAMH 8258 (Fig. 1A ) was comparable to that by B. adusta UAMH 7308 at 21 days, but the former strain was more active in the first week, when it degraded 60% of the 2,3-DCB, 20% of the 2,2Ј,4,4Ј,5,5Ј-HCB, and 40% of each of the other four congeners (data not shown). This is the first time that a Bjerkandera species has been shown to be capable of degrading PCBs.
For P. chrysosporium ATCC 24725, the major removal mechanism was binding of PCBs to fungal biomass (Fig. 1B) . This was most apparent after the acid-killed control removal values were subtracted from the removal values for the live cultures. After this calculation, the losses due to biodegradation were small, nonexistent, or negative (Fig. 2B) . Two other strains of P. chrysosporium (UAMH 3641 and UAMH 3642) produced data similar to that from ATCC 24725.
All four P. ostreatus strains tested degraded the di-, tri-, and tetrachlorobiphenyl congeners extensively and to similar degrees (Fig. 2C) . T. versicolor extensively degraded 2,3-DCB but was less effective with other congeners (Fig. 2D) . We determined if biodegradation and mineralization were correlated. Table 2 presents data on the biodegradation of 2,3-DCB, which was the congener degraded by most fungal isolates, along with data on the biodegradation of 2,4Ј,5-TCB and mineralization of 2,4Ј,5-[U- 14 C]TCB to allow direct comparison of biodegradation and mineralization. Data from this table was used for regression analyses to relate mineralization to biodegradation and enzyme activity. In all cases, the correlation coefficients were less than 0.67, where 0.58 is the lower limit for significance (P ϭ 0.05) for 12 data points giving 10 degrees of freedom (36) , and typically, the coefficients were around 0.3. Thus, the regression analyses indicated that the biodegradation of these congeners was not an indication of the ability of the fungus to mineralize the PCB congener and likely does not depend on the presence of either of the peroxidases.
DISCUSSION
Eight fungal strains used in this study degraded the six congeners more actively than did any of the P. chrysosporium strains examined, including ATCC 24725, a strain that is frequently used in fungal PCB biodegradation studies (14, 18, 39, 42, 43) . B. adusta UAMH 8258 and UAMH 7308 were the most active degraders of PCB congeners, based on GC and mineralization methods. T. versicolor actively degraded 2,3-DCB but was less active in degrading the congener used for mineralization, 2,4Ј,5-TCB (40%), even though this fungus showed the highest mineralization (11%). P. ostreatus UAMH 7964 was also active in both mineralization and biodegradation, while the four other P. ostreatus strains were active only in degradation.
Yadav et al. (42) used ATCC 24725 for congener-specific analysis of the degradation of Aroclor 1242, a mixture of congeners with 42% chlorine by weight and an average of three chlorines per biphenyl. They found that 89, 54, and 47% of 2,3-DCB, 2,4Ј,5-TCB, and 2,2Ј,4,4Ј-TeCB, respectively, were degraded over a 30-day period. In our study, B. adusta UAMH 7308 degraded 93, 82, and 82% of 2,3-DCB, 2,4Ј,5-TCB, and 2,2Ј,4,4Ј-TeCB, respectively, over a 21-day period, suggesting that B. adusta may degrade Aroclor 1242 more extensively than does P. chrysosporium.
PCB biodegradation was difficult to document because of congener binding to biomass and glassware. This problem was particularly severe with the strains of P. chrysosporium. Other researchers also have encountered this problem. For example, Dietrich et al. (14) found that up to 60% of 4,4Ј-DCB was adsorbed to the biomass and glassware during the first 12 days of incubation and that Ͼ60% of the 3,3Ј,4,4Ј-TeCB and 2,2Ј,4,4Ј,5,5Ј-HCB was bound to the biomass. We found increased extraction efficiencies when new serum bottles sealed with Teflon liners were used and when extractions were performed in the serum bottles directly without transferring the supernatant to separatory funnels.
The choice of PCB congeners was based primarily on the criteria of Bedard et al. (7) for bacterial studies of PCB biodegradation. The pattern of degradation of specific congeners by bacteria has been well established previously (4, 7), and the evidence of a similar pattern, with respect to chlorine content, has been shown for fungi (14, 39, 41, 42) . Congener biodegradation in our study was similar to that reported by others (17, 43) , except for T. versicolor UAMH 8272. This strain could effectively degrade 2,3-DCB (96%) but was much less effective on all the other congeners (Fig. 2D) . Thus, different fungal species attack congeners differently.
Mineralization results are difficult to compare between studies unless the same radiolabeled congener is used. The availability of a radiolabeled congener determined which congener we used. Mineralization of individual congeners depends on the chlorine content of the congener and the fungal strain used (14, 39, 41) . Dietrich et al. (14) and Thomas et al. (39) observed that mineralization decreases as chlorine content increases. With P. chrysosporium, mineralization of the following congeners has been observed over approximately 30 days (percent mineralization in parentheses): 2-chlorobiphenyl (up to 16%), 4,4Ј-DCB (11%), 2,2Ј,4,4Ј-TeCB (up to 10%), 3,3Ј,4,4Ј-TeCB (up to 1.4%), and 2,2Ј,4,4Ј,5,5Ј-HCB (Ͻ1%) (11, 14, 39, 41) . Based on these observations, we expected 1.4 to 11% of the 2,4Ј,5-TCB to be mineralized. All strains we examined gave results in the predicted range (Table 2) .
We are unaware of other studies in which microbial degra- a Net mineralization is the difference between the average cumulative 14 CO 2 produced in the live cultures and that in the acid-killed controls after 22 days of incubation.
b Biodegradation is the difference between the average congener removal in the live cultures and that in the acid-killed controls after 21 days of incubation. Initially, 100 g of each congener was present.
c One enzyme unit (U) represents 1 mol of veratryl alcohol (molar extinction coefficient ϭ 9,300 M Ϫ1 cm
Ϫ1
; Intech One-Eighty Corp.) oxidized to veratraldehyde per min at pH 2.5 and 25°C.
d One unit represents 1 mol of phenol red oxidized per min at pH 4.5 and 25°C. The molar extinction coefficient of phenol red is 4,460 M Ϫ1 cm Ϫ1 (31) . e ND, not detected. dation of a selected congener was evaluated by both GC and radiorespirometric methods. We obtained different results with each method (Table 2) , and these results were not correlated. For example, four P. ostreatus strains degraded between 53 and 77 g of the 100 g of 2,4Ј,5-TCB based on GC-ECD analyses, but they released Ͻ0.5% of the radioactivity from 2,4Ј,5-[U-14 C]TCB as 14 CO 2 (data not presented). Similarly, the highest mineralization was by T. versicolor, which released 11% of the label as 14 CO 2 , yet by GC-ECD analysis, this strain degraded only 40% of the 2,4Ј,5-TCB (Table 2) , the lowest value of the five fungi, excluding P. chrysosporium. These results imply that different white rot fungi have enzymes of different specificity or different mechanisms for degrading PCB congeners. Detection and identification of polar intermediates and metabolites will require modified analytical procedures, including derivatization of culture extracts prior to analysis by GC-mass spectrometry.
The LiP activities observed in our study (Table 2) were considerably lower than those reported for these fungi by other workers (9, 12, 30, 39) . This difference may be due to the yeast extract and peptone included at low levels for those strains with uncertain growth requirements. The production of LiP and MnP from the same strain of P. chrysosporium under nutrient-limited conditions has been documented elsewhere (13, 20, 29) . In our study, the P. chrysosporium strains showed LiP activity only, probably due to the low Mn(II) content of the medium (9) , whereas all the other fungi exhibited MnP activity ( Table 2 ). The differences in peroxidase activity may be due to different growth characteristics. Kirk et al. (27) found that ligninase activity and the time to reach maximum activity varied among strains of P. chrysosporium. We chose a 7-day incubation period before peroxidase activity measurement because, in many cases, biodegradation ( Fig. 2A, C, and D) and mineralization (data not shown) of the congeners started within 7 days.
The observation that the peroxidase levels were not related to PCB degradation could, perhaps, have been predicted since PCBs have ionization potentials around 9 eV, higher than the upper limit for LiP-catalyzed reactions, which is around 8 eV (24) , and since the related compound dichlorodiphenyltrichloroethane is not a substrate for LiP (28) . Regression analysis of biodegradation, mineralization, and LiP and MnP activity for all 12 fungal strains revealed that no linear correlation existed. Thomas et al. (39) also concluded that enzymes other than ligninases and Mn-dependent peroxidase must be involved in the oxidation of PCBs. It may be that other enzymes related to lignin degradation, such as laccase or aryl alcohol oxidase (2), or combinations of enzymes are involved.
There are advantages and disadvantages to using the GC or radiorespirometric method to study the microbial degradation of PCB congeners. The GC method is more versatile, allowing many congeners to be monitored during a single experiment, whereas using a 14 C-labeled congener allows the fate of only a single congener to be monitored in an experiment. The loss of a congener from a GC chromatogram indicates that the molecule was transformed to products that are not amenable to detection under a given set of analytical conditions but gives no clue of the extent to which the congener was transformed. In contrast, the detection of 14 CO 2 clearly indicates that at least part of the molecule was extensively degraded. Using both methods together gives a measure of the overall removal of the congener and the amount of the substrate that can be mineralized. From our experience, the amount of biodegradation of 2,4Ј,5-TCB measured by GC analyses was greater than the amount of its mineralization (Table 2 ). Because adsorption of the congeners to fungal biomass can be a major mechanism of removal, the inclusion of acid-killed controls is essential for biodegradation studies with GC analyses. These controls are less critical for mineralization studies in which 14 CO 2 is readily released from the cultures. The major limitation of the radiorespirometric method is that very few of the 209 congeners are readily available as 14 C-labeled compounds from commercial sources.
Regardless of the differences in absolute values between different studies for PCB biodegradation and mineralization by fungi, many of which can be explained by methodological differences, the data described in this report consistently showed that P. chrysosporium ATCC 24725 and the other P. chrysosporium strains were among the poorest of the white rot fungi in their ability to degrade PCBs. Our killed controls showed that congener binding to the P. chrysosporium biomass was a major factor in the low recovery of congeners in our experiments. The low PCB metabolizing activity demonstrated by these P. chrysosporium strains might be due to their long-term preservation in culture collections. Most of the fungal strains exhibiting high activity in our study do not have a long association with culture collections.
